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Purpose: The purpose of this study is to characterize microembolic signals (MS) that 
occur during the various phases of carotid endarterectomy (CEA) and to consider their 
relationship to postoperative changes on magnetic resonance imaging (MRI). 
Methods: This was a retrospective study of 76 patients who underwent 78 carotid 
endarterectomies at a referral center. Perioperative transeranial Doppler monitoring and 
MRI were performed before and after CEA. The types of MS that occurred uring phas- 
es of surgery were analyzed and compared with MRI changes. 
Results:We observed a clinical stroke in one patient (1.3%) and ipsilateral small areas of 
silent ischemic hange on seven postoperative MRI studies (9.0%). In 95% of CEAs, MS 
were detected. Only those MS observed in the recovery room that occurred at a rate of 
more than five per 15 minutes were associated with postoperative MRI ischemie changes 
(p < 0.0001). 
Conclusions: Ischemic changes on MR/ after CEA are related to postoperative MS. 
(J Vase Surg 1998;27:1024-31.) 
Carotid endarterectomy (CEA) has proved ben- 
eficial in the prevention of strokes in both sympto- 
matic and asymptomatic patients with significant 
carotid stenosisl,2 only when the morbidity and 
mortality rates in the perioperative period are mini- 
mal. The majority of  perioperative strokes are 
thought to be embolic in nature.3, 4 Transcranial 
Doppler (TCD) scanning has the capability to detect 
microembolic signals (MS) that correspond to par- 
ticulate or gaseous material. MS have been detected 
in patients with carotid stenosis and are associated 
with various phases of CEA. 5-8 They have also been 
correlated with clinical outcome. It is the purpose of  
this investigation to further document the relation- 
ship of MS to postoperative ischemic changes after 
CEA. 
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METHODS 
A review of the medical records and data from 
the Neurovascular Laboratory at the Boston 
Veterans Administration Medical Center showed 
tha t during the 36-month study period 264 CEAs 
were performed with TCD monitoring, and in 78 of  
those cases preoperative and postoperative brain 
magnetic resonance imaging (MRI) studies were 
performed. Each patient underwent MRI studies 
within the 3 days preceding and again within the 3 
days after undergoing surgery. Other patients who 
underwent CEA during this 36-month period were 
not included in the study because they did not 
undergo MRI studies within the designated periop- 
erative period. All patients in this study were male. 
This was not a prospective study, and informed con- 
sent was not obtained. 
Indications for surgery were transient ischemic 
attack in 29 cases, cerebral infarction in l I ,  and 
asymptomatic internal carotid artery (ICA) stenosis 
in 38. All were primary operations. Four surgeons 
performed the 80 procedures, in all cases, patients 
received general anesthetic and in addition to TCD 
were monitored during operation with electroen- 
cephalography (EEG). All werc given heparin before 
clamping. The decision to shunt was made on the 
basis of a reduction in TCD flow velocity to less than 
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60% of the preclamp value, EEG voltage or ampli- 
tude asymmetry, as previously described, 9 or both. A 
preoperative decision to shunt may also have been 
made by the surgeon on the basis of knowledge of 
prior infarction or compromised cerebral blood flow. 
A shunt was used in 29 patients (37%), and the arte- 
riotomy was patched in 27 (35%). Low molecular 
weight dextran was started on all patients in the 
operating room before unclamping the ICA and was 
continued for 24 hours after operation. 
On awal<ening in the operating room, patients 
were evaluated for neurologic deficits by the surgery 
team, and if results were normal they were brought 
to the recovery room, where they were monitored 
overnight. The identification of neurologic deficits 
was made by reviewing the operative note, recovery 
room record, progress notes, discharge summary, 
and outpatient record. The period of observation for 
this study was the patient's hospital stay for correla- 
tion with MRI changes, but clinical follow-up was 
available for 1S to 65 days (mean, 24 days) after hos- 
pital discharge. 
EEG monitoring was performed using a Grass 
instrument (Model 8-18C, Quincy, Mass.). EEG 
recordings were performed using the International 
10-20 system of electrode placement with bipolar 
montage using low and high frequency filters, set 
respectively at 1 and 70 Hz. All EEG changes were 
noted by an experienced technologist and reviewed 
during the operation by the surgeon. 
TCD monitoring of the middle cerebral artery 
(MCA) ipsilateral to the side of CEA was performed 
with either a TC 2000 or TC 2020 instrument (Eden 
Medical Electronics, EME/Nicolet, Madison, Wis.) 
equipped with special software for emboli detection. 
A headband was used to immobilize the 2 MHz 
probe against he temporal bone of each patient, and 
the MCA was insonated at a depth of 50 to 60 mm. 
An experienced technologist monitored the patient 
throughout each surgery, saved on disk any potential 
MS seen, and recorded in an ongoing log surgical 
events as well as TCD or EEG changes. Details of 
TCD monitoring have been previously described. 10 
For purposes of evaluation, the surgery was 
divided into six stages: preoperative (a continuous 
30-minute TCD monitoring within 24 hours of 
CEA), dissection (the 10 minutes before application 
of the ICA clamp when the vessels were dissected), 
shunting (during which a shunt, if used, was insert- 
ed and in place), external carotid artery flow restora- 
tion (restoration of external carotid flow, before 
restoration of ICA flow), ICA flow restoration 
(restoration of flow to the ICA until the end of 
surgery), and recovery room (a continuous 15-minute 
TCD monitoring between the first and second post- 
operative hour). 
Identification of MS by stage was made by 
reviewing the TCD operative log and the records of 
other emboli detection studies in the patient's files 
in the Neurovascular Laboratory. For analysis, MS 
werc stored on disk during surgery and were later 
displayed and characterized in terms of direction 
with respect o baseline, duration in milliseconds, 
and intensity in decibels (dB) in relation to back- 
ground blood flow. Because these various stages 
were of different length, the number of emboli were 
characterized with regard to time by considering 
their frequency per 15-minute period. 
TCD signals were divided into three categories. 
Type I signals were unidirectional within the 
Doppler velocity spectrum, were greater than 25 
and less than 50 milliseconds in duration, had inten- 
sities of at least 9 dB above that of background 
blood flow, and were accompanied by a "chirp" on 
the audio output. Type II signals were unidirection- 
al within or above the Doppler velocity spectrum, 
were longer than 50 milliseconds in duration, had 
intensities of at least 9 dB above that of the back- 
ground blood flow, and were also accompanied by a 
chirping sound. Type III signals were bidirectional 
filling the entire display, were of maximum dB inten- 
sity, often lasted hundreds of milliseconds or sec- 
onds, and were accompanied by a sustained high- 
pitched sound. Mixed signals are a combination of 
type III and type I or type II, when it is not possible 
to distinguish them separately. 
The 156 preoperative and postoperative MRI 
studies were performed on a 1.5-T Signa scanner 
(General Electric Medical Systems). All studies 
included Tl-weighted spin-echo (T1-SE), either 
proton density fast spin-echo (PD-FSE) or fluid 
attenuated inversion recovery (FLAIR) axial scans, 
and either T2-weighted fast spin-echo (T2-FSE) 
axial scans or 16 shot spin echo-echo planar images 
(SE-EPI). All scans were performed with 5 mm 
thick slices and a 2.5 mm interstice gap. All studies 
were reviewed by a neuroradiologist, who reviewed 
comparable scan segments in the preoperative and 
postoperative studies without knowledge of the side 
on which surgery was performed. 
Statistical analysis was performed at the Data 
Coordinating Center of the Boston University 
School of Public Health. Data were stored on a per- 
sonal computer with the use of Microsoft Excel 
software. Analysis was performed for each signal 
type separately and for all types combined, and for 
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Table I. MS detected uring CEA 
Patients Patients Mean no. of 
Stage of surgery studied with MS MS (range) 
Preoperative 45 11 11 (0 to 25) 
Dissection 78 17 4 (0 to 13) 
Shunting 29 21 5 (0 to 14) 
ECA restoration 78 19 7 (0 to 29) 
ICA restoration 78 72 25 (0 to 228) 
Recovery room 46 9 8 (0 to 17) 
Fig. 1. MRI of postoperative silent left lateral caudate 
focal hyperintensity (arrows) in right panels, compared 
with preoperative scan in left panels. 
Table II. Types of MS associated with CEA 
No Type Type Type 
ES I I I  I I I  Mixed 
Preoperative 34 11 0 0 0 
(n = 45) 
Dissection 61 15 2 0 0 
(n = 78) 
Shunting 8 5 5 1 10 
(n = 29) 
ECA restoration 59 2 11 1 5 
(n = 78) 
ICA restoration 6 8 1 8 55 
(n = 78) 
Recovery room 37 9 0 0 0 
(n = 46) 
ECA, External carotid artery. 
each stage of  surgery and for the all stages com- 
bined. The association between MS and MRI 
changes was calculated using Fisher's exact test and 
was expressed as two-tailed p values, with signifi- 
cance assumed for p values less than 0.05. 
RESULTS 
One patient had a clinically evident cerebral 
infarct in the recovery room, and there were no 
deaths in this group of 78 CEAs. This resulted in a 
stroke/death rate of 1.3% in this group for the peri- 
od of  hospitalization and outpatient follow-up. This 
is compared with an institutional rate of  2.3% for the 
264 CEAs that were performed during the 36- 
month period of review. 
Seven of  the 78 postoperative MRI studies 
(9.0%) showed new areas of hyperintensity located 
in the basal ganglia and periventricular nd subcorti- 
cal white matter on the side of surgery. These 
changes were seen best on the FLAIR or PD-FSE 
scans and were consistent with small silent cerebral 
infarcts. Five were located in the arterial territory of  
MCA deep perforators (Fig. 1), and two were noted 
in the border zone between the middle and posteri- 
or cerebral artery territories. All new infarcts were 
seen ipsilateral to the side of surgery, and no changes 
were noted on the opposite side. The appearance of 
these new infarcts on the ipsilatcral side, as com- 
pared with none on the contralateral side, was sig- 
nificant (p < 0.01). 
MS were detected uring 74 of 78 procedures 
(95%). The number of  MS detected uring each 
stage varied, as seen in Table I. The greatest number 
were seen after restoration of flow to the ICA. 
Preoperat ive stage. Forty-five MS detection 
studies were conducted during the preoperative 
stage. MS at a rate of greater than five per 15 min- 
utes were detected in 11 studies (24%). All were of  
the type I category (Table II). The association be- 
tween an MS frequency greater than five per 15 min- 
utes and postoperative MKI changes approached, 
but did not reach, statistical significance (p = 0.09) 
in the preoperative stage. 
Dissection. During the 10 minutes of dissection 
preceding carotid clamping, 17 of 78 patients (22%) 
had MS. They consisted of  15 patients with type I 
MS and two patients with type II MS. In five of 
these patients, inadvertent manipulation of the com- 
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Fig. 2. MRI of postoperative symptomatic left MCA infarct as seen in right 
panels (arrows), compared with preoperative scan in left panels. 
mon carotid arteries or ICAs by the surgcon was 
identified as the cause for microembolization, and 
surgical technique was altered. 
Shunting period. MS were detected uring the 
shunting period in 21 of  29 patients (72%). Various 
types were observed. The combined period of  shunt 
insertion and shunt rcmoval during which the artery 
was clamped, as documented by TCD flow velocity 
measurements, varied between 4 and 8 minutes 
(mean, 4.6 minutes). Neither shunt insert ion/  
removal time nor use of a shunt were associated with 
MRI findings of cerebral infarction. 
External carotid artery and ICA f low restora- 
t ion. At the time of  external carotid artery flow 
restoration, 19 of  78 patients (24%) had MS. These 
were prcdominantly type II or mixed. MS were 
detected uring the ICA flow restoration stage in all 
but six of the 78 surgeries (92%). In most cases mul- 
tiple types of  MS were observed. Type III signals 
were most prominent immediately after ICA 
unclamping, possibly masldng type I and II MS. No 
association was demonstrated between MRI evi- 
dence of new infarcts and MS during this stage. 
Recovery. Forty-six patients underwent MS 
detection studies while in the recovery room. Nine 
(12%) had MS, and all were type I (Table II). An 
association was demonstrated between MS that 
occurred at a rate of greater than five per 15 minutes 
during this stage and postoperative infarct as identi- 
fied by MRI (p < 0.0001). 
No association was demonstrated between MRI 
findings of  new cerebral infarct and the absolute 
number of  MS or any rate of  MS during a W other 
individual stage of surgery or for all stages. Regard- 
ing the one patient who had a postoperative stroke, 
he awoke from anesthesia without any neurologic 
deficit but was noted within the first hour in recov- 
ery room to be developing weakness contralateral to
the side of CEA. Only one type III and one type I 
MS had been observed at ICA flow restoration, and 
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there were none for the remainder of his surgery. 
The arteriotomy was closed primarily. He was taken 
back to surgery before a recovery room TCD study 
could be performed. At reexploration the artery was 
patent, but platelet-like clumps were found adherent 
to the subintlmal surface; no surgical defects were 
identified. A patch was used for the arteriotomy clo- 
sure. He awoke from the surgery with no neurolog- 
ic deficit, although his postoperative MR/ demon- 
strated an infarct in the MCA territory (Fig. 2). It 
was suspected that this patient had postoperative 
embolization of platelet clumps from the CEA arte- 
riotomy site. 
DISCUSSION 
The findings of this study indicate that cerebral 
infarction, as detected by MR/, occurs more often 
during CEA than is clinically evident. In addition, 
various types ofMS occur in patients undergoing the 
procedure. Although most are not related to post- 
operative outcome, we observed that type I MS that 
occurred in the recovery room at a rate of greater 
than five per 15 minutes are significantly associated 
with small cerebral infarcts detected by postoperative 
MR/. 
In this study, MR/f indings showed new, silent 
cerebral infarcts after seven of the 78 CEAs. Similar 
lesions were not observed on the contralateral, non- 
operated side, suggesting that events that occurred 
during either the interval between the first MRI and 
CEA or the surgery itself were the cause of these 
lesions. Although the lack of clinically evident corre- 
sponding neurologic deficits raises a question re- 
garding the nature of these infarcts, silent infarcts 
also occur in patients with extracranial ICA steno- 
sis 1° or with atrial fibrillation  and can have similar 
MR/characteristics. CT and MR/lesions consistent 
with infarction are also seen in patients with a clini- 
cal diagnosis of TIA.12 Their topographical distribu- 
tion and small size may explain why these infarcts are 
not clinically detected. The frequency of silent 
infarction in our study is similar to the 10% (4 of 40) 
reported by Ackcrstaff et al. 7 and is only slightly 
lower than the 16% (3 of 19) reported by Vanninen 
et al., 13 who tested their patients I month after 
surgery. Thus our finding confirms and expands pre- 
vious reports that indicated that silent infarcts occur 
in the context of CEA. 
What is the clinical relevance of these ischemic 
lesions? In patients tested 1 month after CEA neu- 
ropsychologic deterioration has been reported in as 
many as 63% of patients, even when a neurologic 
deficit was detected in only 5%. 13 Neuropsychologic 
evaluation of patients with multiple small infarcts 
involving the basal ganglia and periventricular white 
matter, ischemic lesions similar in size and distribu- 
tion to the ones observed on this study, shows that 
some of these patients also have a subtle cognitive 
impairmcnt characterized by slowing when perform- 
ing complex mental tasks, which is not always 
detected by routine neurologic examination. 14-17 
We suspect hat the lesions we observed may be a 
cause of the cognitivc decline seen in some patients 
after CEA and that these infarcts may not be silent 
after all. However, because neuropsychologic testing 
was not performed, it rcmains unknown whethcr the 
obserVed silent infarcts were associated with cogni- 
tive decline in our patients. 
Thc finding of an association betwccn thc pres- 
ence of more than five type I MS per 15 minutes 
during the immediate postopcrativc phasc and the 
MRI finding of cerebral infarcts raises the possibility 
of a causal relationship. Similar MS have previously 
been associated with cerebral infarcts. 18-20 In non- 
operated patients they are predictors of subsequent 
cercbral ischemic events. 21 MS have been shown to 
occur at specific times during CEA,4, 8 and investiga- 
tors have attempted to associate their occurrence 
with postoperative outcomc. Ackcrstaff et al.7 ob- 
tained MRI studies before and after CEA, found 
subclinical lesions consistent with cerebral infarcts 
on postoperative MR/studies, and correlated them 
with the presence of an absolute count of more than 
10 MS during the dissection phase of surgery. Gaunt 
et al. 22 have shown that more than 10 MS during 
dissection correlated with a significant deterioration 
in postoperative cognitive function. Levi et al. 23 
detected MS in 69% of cases monitored uring the 
early postoperative stage and reported that a fre- 
quency of greater than 50 MS per hour was predic- 
tive of an ischemic neurologic deficit in the territory 
of the insonated MCA. Our findings concur with 
these observations with respect to the significance of 
recovery room MS. We also show that the type I MS 
are the only ones associated with cerebral infarcts 
detected by MR/. 
The range of MS characteristics observed uring 
CEA is wide, and published criteria 24 do not permit 
satisfactory selection and classification of these sig- 
nals. There is also no consensus among investigators 
regarding the minimum and maximum values for 
some of these characteristics. We grouped each MS 
based on its intensity, duration, and irection. 
Signals were recorded with the standard instrumen- 
tal settings throughout the course of the study, and 
all efforts were made to identify and exclude sources 
JOURN~M~ OF VASCULAR SURGERY 
Volume 27, Number 6 Cantelmo et aL 1029 
of artifact. Thus all type I and most type II MS are 
similar to the ones that we have observed in patients 
with cervical ICA stenosis, 17 and they satisfy the cri- 
teria of the Consensus Committee. 24 It is suspected 
that during the preoperative, dissection, and recov- 
ery room stages of surgery, most correspond to par- 
ticulate microemboli. By the mere fact that they 
wcre bidirectional, type IlI signals did not satisfy the 
Consensus Committee criteria, and they occurrcd 
mostly at ICA flow restoration. At least some of 
these MS may correspond to air emboli. The classi- 
fication proposed in this study was useful in differ- 
entiating among MS and identified the selective type 
I signal association with MRI lesions. We recognize 
that it is arbitrary. Whcther the different MS types 
reliably identify or differentiate the composition of 
microcmboli is unlmown. 
This study is retrospective, patients were not 
enrolled in a consecutive manner, and their number 
is small. These factors represent drawbacks to thc 
significance of our findings. It is also difficult to 
compare rcsults of various investigators because of 
variations in definitions of MS and differences in 
technique, equipment, and instrument settings. 
Our patients also differ from those in other stud- 
ies in that they are routinely started on dextran 
before leaving the operating room. This may 
account for the lower number of MS seen in our 
study compared with that of Levi and colleagues. 23 
Doses of dextran similar to ours have been shown by 
Lennard et al.25 to rapidly reduce the rate of post- 
operative MS. 
CEA must be performed with minimal complica- 
tion rates for the procedure to reduce stroke risk, 
particularly in asymptomatic patients. Surgeons who 
perform CEA must not only monitor their compli- 
cation rate 26 but also consider what aspects of the 
procedure might contribute to cerebral infarction, 
whether silent or clinically evident. TCD monitoring 
affords the opportunity to study both hemodynam- 
ic and embolic events related to CEA. To make sig- 
nificant contribution to reduction of postoperative 
complication, large controlled prospective studies 
will have to demonstrate both the efficacy and cost- 
effectiveness of this technology. 
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DISCUSSION 
Dr. Jonathan I?. Gertler (Boston, Mass.). I think this is 
a very interesting subject, and I greatly enjoyed the paper. 
I have a comment and a question, the comment being 
that we really don’t know prospectively, as you implied, 
the natural history of existing high-grade carotid stenoses, 
and although the volume load of emboli during the per- 
formance of surgery may far exceed what occurs on any 
given day, the cumulative effect with an asymptomatic 
stenosis may be just as great over a period of time. I don’t 
know whether we’ll ever get that information, but I think 
it would be important to know. 
The question is, in external carotid endarterectomy 
the particulate matter can be as low as 20 Km that can 
reach intracranially. Can you correlate size and signal for 
me a little bit? 
Dr. Cantelmo. No, and the technology that we have 
now really doesn’t allow us to do that. I think as technol- 
ogy improves we hope to try to figure out the size of 
emboli more than in terms of length and also maybe what 
these different signals represent-are they cholesterol, are 
they clot-but I don’t have that ability at this point. 
Dr. William Mackey (Boston, Mass.). I think this is 
fascinating work. I just wonder whether you could give us 
an idea of what your threshold would be in the recovery 
room with a patient who seems to be doing all right but 
all of a sudden you see a large number of these high-fre- 
quency signals. Would you take that patient back to the 
operating room simply on the basis of the transcranial 
Doppler findings? 
Dr. Cantelmo. No. What we have done in the past is 
to get a recovery room Duplex ultrasound study looking 
at the carotid artery and see whether we can identify any 
defect right there, depending on the rate of what is going 
on maybe anticoagulate the patient, but I would not at 
this point take a patient back based on those findings 
alone of increased emboli without further study. 
Dr. Mackey. Does the anticoagulation therapy result in 
a diminution of these events? 
Dr. Cantelmo. We have had a couple of patients who 
we followed like that and it seems that it has. Whether it 
is the anticoagulation therapy or the fact that there is reen- 
dothelialization of the surface, I am not sure. 
Dr. Joel A. Berman (Springfield, Mass.). I was won- 
dering whether you had any knowledge about whether 
this technique has been used to evaluate the effects of 
angiography, balloon angioplasty, and stenting? 
Dr. Cantelmo. There are a few papers that discuss the 
fact that emboli are seen after angioplasty and stenting, 
but there is really no comparison made or no conclusions 
drawn, just the fact that, yes, we do see them. 
Dr. Richard J. Gusberg (New Haven, Conn.). Dr. 
Cantelmo, I enjoyed that very much. I have a couple of 
questions. First, I noticed that a fairly high proportion of 
your patients received a shunt. What criteria do you use 
for shunting? 
Second, in the patients who had events in the recovery 
room, I wonder whether you could correlate that with any 
intraoperative issues, such as whether the patient was 
patched or whether they had a distal plaque that needed to 
be tacked. Also, what did you use during the operation in 
terms of antiplatelet treatment? 
Dr. Cantelmo. This patient who had the stroke was 
not patched. The second time when he was brought back 
there was no definitive defect seen. There were those 
platelet thrombi that we sometimes see on raw surface, 
and the patient underwent patching on reoperation. He is 
the only patient that we saw who had a recovery room 
event, and it’s difficult to talk about the meaning of one 
patient. 
Dr. Gusberg. I meant in the patients you detected who 
had multiple microemboli. 
Dr. Cantelmo. In the other patients? There is no cor- 
relation between whether they were patched or not 
patched or any defects that we saw. 
The criteria for shunting were either EEG changes or a 
drop in flow velocity greater than 60% of the preanesthetic 
level, and if a patient had a preexisting stroke and was 
thought to be a high risk the decision was made a priori. 
Dr. Juan C. Parodi (Buenos Aires, Argentina). Just a 
short comment. We are using this technology, and I agree 
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that it is very useful in the recovery room. In the last 314 
patients we have had four strokes, and of those patients 
three had showers of particles embolizing in the recovery 
room. Those patients had in the first 12 hours a complete 
occlusion of the carotid artery, and a fourth patient had 
also an ocdusion without emboli dropping velocity, so this 
technology was useful for us to identify these thromboses. 
We performed color duplex scanning as you did in the 
recovery room, and those patients had occlusions. We 
rushed them to the operating room again, performing a 
thrombectomy, and in three or four we had to give uroki- 
nase using a catheter and we lysed the thrombus inside the 
middle cerebral branches. We had beautiful results. I think 
this technology could be good just to detect hese high- 
risk patients inwhom thrombosis develops. 
Dr. James Estes (Boston, Mass.). Now that you have 
this technology for monitoring emboli, especially in the 
recovery room, have you considered looking at the effects 
of dextran or other platelet inhibitors onthe incidence of 
recovery room emboli? 
Dr. Cantelmo. Actually, all of our patients get Dextran 
during the operation, which is continued for 24 hours 
after the operation, and aspirin is continued on postoper- 
ative day one. 
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